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ABSTRACT
Homology-directed repair (HDR) is essential to limit
mutagenesis, chromosomal instability (CIN) and
tumorigenesis. We have characterized the conse-
quences of HDR deficiency on anaphase, using
markers for incomplete chromosome separation:
DAPI-bridges and Ultra-fine bridges (UFBs). We
show that multiple HDR factors (Rad51, Brca2 and
Brca1) are critical for complete chromosome separ-
ation during anaphase, while another chromosome
break repair pathway, non-homologous end joining,
does not affect chromosome segregation. We then
examined the consequences of mild versus severe
HDR disruption, using two different dominant-
negative alleles of the strand exchange factor,
Rad51. We show that mild HDR disruption is
viable, but causes incomplete chromosome separ-
ation, as detected by DAPI-bridges and UFBs, while
severe HDR disruption additionally results in multi-
polar anaphases and loss of clonogenic survival. We
suggest that mild HDR disruption favors the prolif-
eration of cells that are prone to CIN due to defect-
ive chromosome separation during anaphase,
whereas, severe HDR deficiency leads to multipolar
divisions that are prohibitive for cell proliferation.
INTRODUCTION
Proper sister chromatid separation by a bipolar mitotic
spindle is required to generate two identical daughter
cells. During anaphase, all physical connections between
sister chromatids must be resolved. For instance, cohesin
complexes that link sister chromatids on the mitotic
spindle need to be dissolved (1). Furthermore, since
sister chromatids are intertwined (catenated) during
DNA replication, sister chromatid separation requires
decatenation via Topoisomerase II (2). Failure to resolve
these sister chromatid linkages and/or maintain a bipolar
mitotic spindle, can cause chromosomal instability (CIN)
or cell death (3,4). Thus, characterizing the factors and
pathways that are important for these aspects of
anaphase will provide insight into genome maintenance.
Decatenation stress caused by catalytic inhibition of
Topoisomerase II has revealed a set of distinct markers
for incomplete resolution of sister chromatid linkages.
Namely, decatenation stress causes bridges between
anaphase chromosomes that can be identiﬁed by classic
DNA dyes such as DAPI (5), but also ultra-ﬁne bridges
(UFBs) that are not detected by such dyes (6,7). These
UFBs are readily detected by immunoﬂuorescence
staining for PICH (Plk1-interacting checkpoint helicase),
which appears to associate with linked anaphase chromo-
somes that are under tension from the mitotic spindle
(6,8).
A set of genome maintenance factors has been shown to
promote resolution of these anaphase chromosome
linkages. Cells deﬁcient in the Bloom’s syndrome
helicase (BLM) show elevated CIN (9), increased sister
chromatid exchanges (10) and an elevation in UFBs (8).
Similarly, cells deﬁcient in the Fanconi anemia pathway,
which is critical for DNA interstrand crosslink repair (11),
show cytokinesis failure, CIN and elevated levels of UFBs
(12–14).
In this study, we characterize the impact of homology-
directed repair (HDR) on proper chromosome segrega-
tion. HDR involves Rad51-mediated strand exchange
between sister chromatids (15). Disruption of HDR
factors is associated with increased mutagenesis, CIN,
supernumerary centrosomes and cancer pre-disposition
(16–20). As HDR is a major pathway of double-strand
break (DSB) repair, disruption of HDR may cause an
increased reliance on imprecise DSB repair mechanisms,
such as non-homologous end joining (NHEJ), thereby
causing increased mutagenesis (21,22). However, it is
*To whom correspondence should be addressed. Tel: +1 626 359 8111 (Ext. 63346); Fax: +1 626 301 8892; Email: jstark@coh.org
Published online 31 March 2011 Nucleic Acids Research, 2011, Vol. 39, No. 14 5935–5944
doi:10.1093/nar/gkr187
 The Author(s) 2011. Published by Oxford University Press.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/2.5), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.unclear how HDR deﬁciency also leads to CIN (18,23,24).
Using the markers described above, we present evidence
that HDR deﬁciency causes incomplete anaphase chromo-
some separation. Furthermore, we compare a mild versus
severe HDR disruption and show that both degrees of
HDR deﬁciency cause defects in anaphase chromosome
separation, whereas, only severe HDR disruption leads
to multipolar anaphases and cell death. We suggest that
HDR-deﬁciency causes anaphase chromosome separation
defects that can result in CIN, which could contribute to
the etiology of cancer.
MATERIALS AND METHODS
Cell lines and culture conditions
The Embryonic Stem cell (ES cell) lines used in this study





 /  (27), Xlf
 /  (28) and Blm
tet/tet
(29). ES cells were cultured on plates coated with 1%
Gelatin (Millipore), in media containing DMEM High
Glucose with 1% Pen/Strep, 15% Fetal Bovine Serum,
7 10
2U/ml ESGrow (Millipore) and 0.1mM
b-mercaptoethanol (Sigma).
For inducible expression of Rad51, dominant negative
proteins, Rad51-K133R and Rad51-K133A cDNAs (30)
were cloned in the pNEBR-X1Hygro plasmid (New
England Biolabs) and stably integrated into the
HEK293A7 cell line that expresses regulator proteins
from the pNEBR-R1 cassette (New England Biolabs).
The 293 cells were cultured on plates coated with
poly-lysine (Sigma), in media containing DMEM High
Glucose with 1% Pen/Strep and 10% Fetal Bovine
Serum. The +L condition reﬂects 1mM Genostat ligand
(L) (Millipore), where untreated media included the
equivalent amount of vehicle, Dimethyl Sulfoxide
(DMSO).
Quantitative RT–PCR
RNA was extracted using RNeasy Plus kit (Qiagen),
reverse transcribed using random primers and
MMLV-RT (Promega) and ampliﬁed with iQ SYBR
Green Supermix (Biorad), each according to manufactur-
ers instructions. Transcription from the g4Rad51 cassettes
was measured by quantitative PCR using primers p1:
ctggcgccaagcttctct and p2: cctcgacccgagtagtctgt. Signals
were normalized to parallel PCR with actin primers:
50-actgggacgacatggagaag, 50-aggaaggaaggctggaagag.
Clonogenic survival and cell doubling time
Cells were seeded in 10cm plates at 2 10
3 cells per plate
in presence of L or left untreated, for 7 days. Colonies
were ﬁxed in 10% methanol, 10% acetic acid, stained
with 1% crystal violet. Cell survival was calculated
relative to the mean value of the untreated cells for each
experiment. Each clonogenic survival value represents the
mean of three independent experiments. For the cell
doubling time measurement, 1.5 10
5 cells were plated
and L was added the next day. Viable cells counts
were performed over the next 3 days using a phase
hemocytometer (Hausser Scientiﬁc) with trypan blue ex-
clusion (4mg/ml).
HDR assay
The HDR-reporter, Pim-DRGFP, was stably integrated
in the g4Rad51KR and g4Rad51KA cell lines, as previ-
ously described for the parental HEK293A7 cell line (31).
To measure repair, 1 10
5 cells were plated onto a 12-well
plate and transfected the next day with 0.8mg of the
I-SceI-expression vector, pCBASce (31), with 3.6ml
Lipofectamine 2000 (Invitrogen) in 1ml of antibiotic-free
medium. For the +L condition, L was added 3h before
transfection and included for the remainder experiment.
Three days after transfection, GFP positive cells were
quantiﬁed by ﬂow cytometric analysis (FACS) on a
Cyan ADP (Dako). Using transient transfection with a
GFP expression vector and the same experimental condi-
tions as the HDR experiments, we conﬁrmed that the
L-treated 293 cell lines have a similar transfection efﬁ-
ciency, as measured by the frequency of GFP
+ cells.
Hence, no correction was required to determine the
HDR values.
Blm depletion and immunoblot
Blm
tet/tet cells were treated for 2 days with 1mg/ml
Doxycyclin. After 2 days, proteins were isolated by
repeated freeze/thawing in NETN buffer (20mM Tris
pH8, 100mM NaCl, 1mM EDTA, 0.5% IGEPAL,
1mM DTT) with Protease inhibitor cocktail (Roche).
Equal amounts of total protein (15mg) from each sample
were separated on 4–12% SDS–PAGE and probed with
anti-Blm antibody (ab476, Abcam) and anti-GAPDH
antibody (ab9484, Abcam).
Immunoﬂuorescence staining and time-lapse microscopy
For PICH observation, cells were ﬁxed in 2%
paraformaldehyde followed by immunostaining with
anti-PICH antibody (Abnova H00054821-D01P) and
Alexa ﬂuor 568 goat anti-rabbit IgG (Invitrogen).
Images were acquired using an AX-70 microscope
(Olympus) equipped with a 40  NA 0.75 UPlanFl object-
ive and a digital CCD camera (RetigaExi; QImaging).
Images were collected using Image-Pro software (Media
Cybernetics) for subsequent quantiﬁcation. Each set of
anaphases was accumulated from a number of biological
replicates for each cell line (n 3).
For real-time analysis of chromosome segregation, cells
were stably transfected with pEGFP-N1-H2B (32).
Time-lapse microscopy was performed using a Zeiss
Observer inverted microscope equipped with a 40  NA
0.75 UPlanFl objective on cells treated for 3 days +L.
Images were collected using Axiovision software (Zeiss)
every 3min for 3–6h.
Statistical analysis
Error bars represent the standard deviation from the
mean. Statistical analysis was performed using the
unpaired t-test for HDR efﬁciency and clonogenic
survival. The two-tailed Fisher’s exact test was used for
5936 Nucleic Acids Research, 2011,Vol.39, No. 14statistical analysis of PICH–UFB, DAPI-bridge and
multipolar anaphases experiments.
RESULTS
PICH–UFBs and DAPI-bridges are markers of
incomplete chromosome separation in late anaphase
To investigate anaphase chromosome separation, we
examined wild-type (WT) mouse ES (mES) cells using
the DNA dye DAPI, as well as immunoﬂuorescence
staining to detect the helicase PICH (6,7). Using these
markers, we analyzed >100 anaphases of unchallenged
WT mES cells and categorized each anaphase as early or
late, based on the distance between the chromosomes.
From this analysis, we frequently detected PICH
linkages between chromosomes in early anaphase (47%,
Figure 1A and B), indicating that such linkages are a
normal feature of early anaphase. In late anaphase cells,
much of these PICH structures have been resolved.
However, a minor fraction of late anaphases showed one
or more PICH threads between chromosomes (10%,
Figure 1A and B), which have been referred to as
PICH–UFBs (8). We also observed a similar low fre-
quency of late anaphases with DAPI linkages between
anaphase chromosomes (7%, Figure 1A and B), which
represent DAPI-bridges (33). These data indicate that a
low fraction of late anaphase mES cells show evidence of
incomplete chromosome separation, as detected by PICH–
UFBs and DAPI-bridges.
Cells deﬁcient in HDR, but not NHEJ, show increased
levels of incomplete anaphase chromosome separation
Using PICH–UFBs and DAPI-bridges as markers, we
tested whether HDR may be important for proper
anaphase chromosome separation, as patients and mice
with deﬁciencies in this pathway show elevated CIN and
tumorigenesis (16). HDR involves Rad51-mediated strand
exchange between sister chromatids (34). Furthermore,
siRNA-depletion of Rad51 in human cells was recently
shown to cause an increase in the frequency of anaphase
UFBs (35). Thus, we sought to examine the effect of HDR
deﬁciency on anaphase chromosome separation.
As Rad51 is required in vertebrates for cellular viability
(36,37), we characterized a set of deﬁned mES cell lines
with non-lethal HDR deﬁciencies. Speciﬁcally, we
examined mES-RAD51KR cells that constitutively
express RAD51-K133R, which is a dominant-negative
form of RAD51 that is defective for ATP-hydrolysis
(26,30). In addition, we examined cells deﬁcient in the
Brca1 and Brca2 tumor suppressor genes, which are im-
portant for Rad51 recruitment to DNA damage and HDR
(38,39). Speciﬁcally, we examined Brca1
11/11 cells that
carry homozygous deletion of Brca1 exon 11 (21) and
Brca2
L1/L2 cells that have one null allele and one trunca-
tion allele of Brca2 (25). Each of these cell lines has pre-
viously been shown to exhibit a decrease in HDR
efﬁciency of a site-speciﬁc chromosomal DSB (22,26).
For each cell line, we analyzed more than 100 anaphase
cells using the procedure described above. We found that
PICH linkages were common in early anaphase cells, and
the frequencies of these structures were not signiﬁcantly
different between HDR-deﬁcient versus WT cells
(Supplementary Figure S1A). In contrast, in late
anaphase cells, we found that each HDR-deﬁcient cell
line showed a 4- to 5-fold increase in the frequency of
PICH–UFBs relative to WT cells (Figure 2): WT (10%),
mES-Rad51KR (41%, P<0.0001), Brca1
11/11 (40%,
P<0.0001) Brca2
L1/L2, (52% P<0.0001). These ﬁndings
indicate that HDR deﬁciency causes incomplete anaphase
chromosome separation, as detected by PICH-UFBs.
In the above experiments, we included an analysis of
DAPI-bridges and found that the frequency of
DAPI-bridges in late anaphase was signiﬁcantly lower
than PICH–UFBs in each of the cell lines. We observed
a slight increase in frequency of DAPI-bridges in
HDR-deﬁcient cells, although only Brca1
11/11 cells
showed a statistically signiﬁcant increase in DAPI-
bridges (23%, P=0.02), compared to WT (7%,
Figure 2). These ﬁndings indicate that late anaphase
Figure 1. WT mES cells show low levels of incomplete anaphase chromosome separation. (A) With WT mES cells, shown are representative images
of PICH linkages in early anaphase, PICH–UFBs in late anaphase and a DAPI-bridge. (B) Shown is the percentage of anaphases of WT mES cells
with the three structures described in A.
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anaphase separation caused by HDR-deﬁciency in mES
cells, as compared to DAPI-bridges.
This accumulation of PICH–UFBs in HDR-deﬁcient
cells is similar to previous ﬁndings with human cells deﬁ-
cient for the BLM helicase (8). To conﬁrm this notion in
mES cells, we characterized Blm
tet/tet mES cells (29), which
enable doxycycline (DOX)-mediated Blm depletion
(Supplementary Figure S1B). We found that Blm deple-
tion caused an accumulation of late anaphase cells with
PICH–UFBs (2.4-fold, P=0.002, Figure 2) and
DAPI-bridges (3.8-fold, P=0.03, Figure 2).
As HDR is important for DSB repair (40), we con-
sidered whether another DSB repair pathway, NHEJ,
might also be important for anaphase chromosome separ-
ation. For this, we analyzed anaphases of three mES cell
lines with null alleles of NHEJ factors: Xrcc4
 / , Xlf
 / 
and Ku70
 /  (27,28,41). From these experiments, we
found that loss of Xrcc4, Xlf or Ku70 did not lead to a
signiﬁcant increase in late anaphase PICH–UFBs or
DAPI-bridges, as compared to WT cells (Figure 2).
These results indicate that HDR, but not NHEJ, is im-
portant for complete anaphase chromosome separation,
as measured by PICH–UFBs.
Inducible expression of two distinct dominant-negative
Rad51 proteins causes different degrees of HDR
disruption
We next sought to examine the effect of two different
degrees of HDR disruption (i.e. mild versus severe) on
anaphase chromosome separation. For this, we generated
novel cell lines carrying inducible expression cassettes for
two different dominant-negative Rad51 proteins:
Rad51-K133R, which is defective for ATP-hydrolysis
and Rad51-K133A, which is defective for ATP-binding
(30). The Rad51-K133R protein shows defects in
ﬁlament structural transitions during strand exchange
(42), whereas the Rad51-K133A protein is inactive for
ﬁlament formation (43). Accordingly, transient expression
of Rad51-K133A was shown to cause a more severe dis-
ruption of HDR in mES cells, as compared to
Rad51-K133R (22).
We generated clonal cell lines with stable integration of
inducible expression cassettes for RAD51-K133R
(g4Rad51KR) and RAD51-K133A (g4Rad51KA), using
a human embryonic kidney transformed cell line (293A7).
Transcription from the g4 promoter in these cassettes
requires addition of a soluble L, which activates regulator
proteins that are stably expressed in the 293A7 cells
(Figure 3A) (44). Using quantitative RT–PCR, we con-
ﬁrmed L-dependent transcription of both Rad51-K133R
and RAD51-K133A in the g4Rad51KR and g4Rad51KA
cell lines, respectively (>20-fold at 4h after L-addition and
transcription persists for several days with continuous
L-treatment), (Figure 3B).
We then determined how acute expression of these
RAD51 mutants affected the efﬁciency of HDR and
cellular viability. To examine HDR, we integrated the
DR-GFP reporter into the g4Rad51KR, g4Rad51KA
and parental cell lines. HDR of an I-SceI-induced DSB
in DR-GFP restores a GFP cassette (22), such that HDR
can be quantiﬁed as the percentage of GFP positive cells 3
days after transfection of an I-SceI expression vector. To
measure cellular viability, we quantiﬁed clonogenic
survival after 7 days of continuous L-treatment. As
compared to the parental cell line, we found that
L-treatment of the g4Rad51KR cells caused a signiﬁcant,
but relatively mild decrease in both HDR (1.5-fold,
P<0.0002, Figure 3C) and cellular viability (1.3-fold,
P=0.0006, Figure 3D). In contrast, L-treatment of the
g4Rad51KA cells caused a more substantial decrease in
both HDR efﬁciency (6-fold, P<0.0001, Figure 3C) and
cellular viability (14-fold, P<0.0001, Figure 3D). These
results indicate that L-treatment of g4Rad51KA cells
Figure 2. HDR, but not NHEJ, is important to limit PICH–UFBs. Shown is the percentage of late anaphases with PICH–UFBs (grey boxes) or
DAPI-bridges (black boxes) in a set of HDR or NHEJ-deﬁcient cell lines and a cell line enabling DOX-mediated depletion of Blm. n>100 anaphases
analyzed for each cell line. Dagger and Asterisk denote a difference in frequency compared to WT cells (P<0.002 and P<0.05, respectively). Bars, 10mm.
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cellular viability, as compared to g4Rad51KR cells.
Severe HDR disruption causes aggravated defects in
chromosome separation versus mild HDR disruption
Using these cell lines, we examined how severe versus mild
disruption of HDR affects anaphase separation of
chromosomes. First, we evaluated the effect of
L-treatment on the frequency of PICH linkages in
g4Rad51KR, g4Rad51KA and parental cell lines. The
frequency of early anaphases showing PICH linkages
was not different between these three cell lines and was
not affected by L-treatment (Figure 4A). In contrast, in
late anaphases, L-treatment of both, g4Rad51KR and
g4Rad51KA caused a signiﬁcant increase in PICH–
UFBs (e.g. >2-fold after 3 days, P<0.0001, Figure 4B).
In contrast, L-treatment of the parental cells did not affect
the frequency of late anaphase PICH–UFBs (Figure 4B).
These results show that both, mild and severe HDR dis-
ruption causes a signiﬁcant increase in PICH–UFBs in late
anaphase.
Figure 3. Inducible expression of two dominant-negative Rad51 mutants cause different degrees of HDR disruption. (A) Diagram shows inducible
expression cassettes for Rad51-K133R and Rad51-K133A, in which transcription from the g4 promoter requires addition of the cell-permeable
Genostat ligand (L). Primers p1 and p2 are used for genotyping and quantitative RT–PCR analysis. (B) mRNA abundance from the g4Rad51
expression cassettes, measured by quantitative RT–PCR, for the g4Rad51KR and g4Rad51KA cell lines after L-treatment for the times shown (h:
hours, d: days), relative to untreated (UN). (C) Inducible Rad51-K133R and Rad51-K133A expression causes mild and severe HDR disruption,
respectively. Shown is repair by HDR in the presence of L, relative to untreated, using the DR-GFP reporter integrated into the parental,
g4Rad51KR and Rad51KA cell lines. (D) The degree of HDR disruption is commensurate with the effect on viability. Shown is the clonogenic
survival of the cell lines in C, after continuous L-treatment. Dagger denotes a difference in frequency compared to parental cells (P<0.0002). Open
diamond denotes a difference of g4Rad51KA cells compared to g4Rad51KR cells (P<0.0001).
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We found that 3 days of L-treatment caused an accumu-
lation of DAPI-bridges in g4Rad51KA cells (4-fold,
P<0.0001) and g4Rad51KR cells (2-fold, P<0.0001,
Figure 4C). We also found that 3 days of L-treatment
caused an overall increase in DAPI-stained anaphase
abnormalities (e.g. laggards, chromatin bridges or multi-
polar anaphases) in both the g4Rad51KA and
g4Rad51KR cells (6-fold and 3-fold, respectively,
P<0.0001, Figure 4D). Based on the cellular doubling
times of these cell lines in the presence of L
(g4Rad51KA 30h, g4Rad51KR 24h and parental 21h,
see ‘Materials and Methods’ section), the 3-day
L-treatment reﬂects an average of 2.4 and 3 cell divisions
for the g4Rad51KA and g4Rad51KR cell lines, respect-
ively. Notably, after 3 days of L-treatment
of g4Rad51KA cells, nearly all of the anaphases showed
a chromosome separation defect as measured by DAPI
(81% of late anaphases, Figure 4D). Importantly,
these chromosome separation defects were signiﬁ-
cantly lower in g4Rad51KR cells, compared to
g4Rad51KA cells (DAPI-bridges, 1.7-fold lower,
P=0.01, Figure 4C; overall DAPI abnormalities, 2-fold
lower, P<0.0001, Figure 4D). These ﬁndings indicate that
Figure 4. Mild and severe HDR disruption lead to distinct chromosome segregation defects. (A) Shown is the percentage of early anaphases with
PICH linkages in 293A7, g4Rad51KR, g4Rad51KA cells after L-treatment. (B) Mild and severe HDR-deﬁciency causes PICH–UFBs. Shown is the
percentage of late anaphases with PICH–UFBs for the cells shown in A. (C) As measured by DAPI, severe HDR-deﬁciency causes chromosome
separation defects to a greater degree than a mild HDR-deﬁciency. Shown is the percentage of late anaphases with DAPI-bridges for the cells shown
in A. (D) Shown is the percentage of total anaphase abnormalities (e.g. DAPI-bridges, laggards or multipolar anaphases) for the cells shown in A.
n>100 anaphases analyzed for each cell line. Asterisk denotes a difference in frequency compared to untreated condition (P<0.0003). Open
diamond denotes a difference of g4Rad51KA compared to g4Rad51KR (P<0.01).
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greater degree following severe versus mild HDR
disruption.
To further examine how the severity of HDR disruption
affects anaphase progression, we monitored chromosome
segregation in live cells after 3 days of L-treatment. For
this, we established parental, g4Rad51KR and
g4Rad51KA cell lines stably expressing the histone
H2B–GFP fusion protein, which enables chromatin visu-
alization (32). In this experiment, L-treated parental and
g4Rad51KR cells showed mostly bipolar anaphases that
resolve into two distinct daughter cells (Figure 5A,
Supplementary Video 1) and a low frequency of multi-
polar anaphases (7% and 6%, respectively, Figure 5B).
However, L-treated g4Rad51KA cells showed a high fre-
quency of multipolar anaphases (28%, Figure 5A and B,
Supplementary Figure S1C and Supplementary Video 2).
These results indicate that severe HDR disruption causes
an accumulation of multipolar anaphases, whereas mild
HDR disruption has no consequence on anaphase
polarity.
We next examined the sequence of events leading to
multipolar anaphases in the g4Rad51KA cells. Using
extended time-lapse microscopy, we found that the
majority of multipolar anaphases originated from
binucleated cells (70%, n=23, Figure 5A and C,
Supplementary Video 2), which likely arise from a
previous mitotic separation defect (45). These results
indicate that severe HDR disruption leads to binucleated
cells that subsequently undergo a multipolar division,
which has been shown to be a lethal chromosome segre-
gation event (4).
DISCUSSION
Multiple HDR factors, but not NHEJ, are important to
limit PICH–UFBs
We have presented evidence that disruption of HDR, but
not NHEJ, causes incomplete anaphase chromosome sep-
aration. As both HDR and NHEJ are important for DSB
repair, this ﬁnding indicates that the anaphase
abnormalities in HDR-deﬁcient cells may not be caused
by inefﬁcient DSB repair. Rather, HDR-deﬁcient cells
may fail to restart stalled or blocked replication forks
(46,47) and thereby accumulate unreplicated regions,
which have been proposed to cause UFBs (48).
Consistent with this notion, HDR-deﬁcient cells show
defects in replication progression (49,50) and inhibitors
of replicative DNA polymerases cause incomplete
Figure 5. Severe HDR deﬁciency causes multipolar anaphases. (A) Representative time-lapse pictures from real-time imaging of cells expressing
H2B-GFP. Top panel shows a normal mitosis from untreated cells. Bottom panel shows a binucleated g4Rad51KA cell resulting in a multipolar
anaphase after L-treatment. Time of acquisition is in minutes. Open diamond denotes nuclei involved in observed mitosis. (B) Severe HDR-deﬁciency
causes multipolar anaphases. Shown is the frequency of multipolar anaphases in 293A7, g4Rad51KR, g4Rad51KA after a 3-day L-treatment. n>200
anaphases analyzed for each cell line. (C) Multipolar anaphases originate from binucleated cells. Diagram shows distribution of multipolar anaphase
originating from single nucleated cells or binucleated cells after a 3-day L-treatment in g4Rad51KA cells. Dagger denotes a difference in frequency
compared to the 293A7 cell line (P<0.0001). Bars, 10mm.
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(12). Similarly, incomplete replication of rDNA and
telomere loci, caused by disruption of cohesin complexes
and telomere sheltering factors, respectively, each leads to
abnormal chromosome segregation (51,52). In summary,
we suggest that the role of HDR during DNA replication
is critical to limit incomplete chromosome separation
during anaphase.
A number of cell lines that are deﬁcient in distinct steps
of HDR each showed elevated levels of PICH–UFBs. To
begin with, Brca2 directly interacts with Rad51 to
promote strand exchange (53,54). As well, Brca2, like
Rad51, is important to promote HDR and inhibit
another homologous repair pathway, single-strand an-
nealing (SSA) (22). In contrast, Brca1 likely functions at
the earlier step of end resection, as Brca1 promotes both
HDR and SSA (22) and is important for ssDNA forma-
tion (55). Furthermore, the Rad51-K133R and
Rad51-K133A proteins likely affect HDR via distinct
mechanisms. Namely, Rad51-K133R affects ﬁlament
structural transitions during strand exchange and hence,
may disrupt HDR by preventing Rad51 dissociation from
the DNA after ﬁlament formation (42). In contrast, the
Rad51-K133A protein is defective for DNA binding and
strand exchange (43) and hence, may disrupt HDR by
interacting with WT Rad51 to block DNA binding.
Finally, the Blm helicase appears to play a role in
multiple aspects of genome maintenance (56,57), including
the resolution of HDR intermediates, since BLM-deﬁcient
cells show elevated sister chromatid exchanges and allelic
crossover recombination (29). Notably, since disruption of
either BLM or Rad51 causes elevated frequencies of
PICH–UFBs, we posit that the role of BLM during
HDR may be linked to its requirement for limiting
PICH–UFBs. Alternatively, since decatenation stress
also leads to PICH–UFBs (6–8), BLM and other HDR
factors could potentially also play a role in chromosome
decatenation. In any case, our ﬁnding that disruption of
each of these factors causes a similar increase in PICH–
UFBs indicates that multiple steps of HDR are essential
for complete anaphase chromosome separation.
Severe and mild HDR disruption cause distinct
anaphase separation defects, with implications
for cell viability and CIN
We have presented evidence that a severe HDR disruption
(expression of Rad51-K133A) leads to inviable cells, along
with massive chromosome separation defects, as detected
by PICH–UFBs and DAPI-abnormalities. In addition,
severe HDR disruption caused multipolar anaphases,
which could directly result from a failure to resolve the
anaphase linkages that are detected by PICH and/or
DAPI. Alternatively, these multipolar anaphases could
arise independently from the anaphase linkages.
Consistent with the former model, these multipolar ana-
phases largely arose from binucleated cells, which likely
result from prior anaphase chromosome separation
defects (45). As it was recently shown that multipolar div-
isions lead to inviable cells (4), we suggest that the
multipolar divisions caused by severe HDR disruption
contribute to the observed loss of cell viability.
In contrast, we found that mild HDR disruption causes
viable chromosome separation defects, namely, mild HDR
disruption (expression of Rad51-K133R) led to a similar
increase in PICH–UFBs compared to severe HDR disrup-
tion and to a moderate increase in DAPI-bridges. Cells
with such a signiﬁcant frequency of incomplete chromo-
some separation during anaphase are likely prone to sub-
stantial CIN, since unresolved PICH–UFBs in late
anaphase could be fragmented during cytokinesis (7,8).
Consistent with this notion, HDR deﬁcient cells have
increased CIN as determined by aneuploidy and the
high frequency of micronuclei (18,58). However, we
found that mild HDR disruption does not result in multi-
polar divisions, but maintains bipolar chromosome segre-
gation, which favors cell viability (4).
Based on these ﬁndings, we propose a model whereby,
mild HDR deﬁciency promotes the proliferation of cells
prone to CIN due to chromosome separation defects,
whereas, severe HDR deﬁciency results in multipolar ana-
phases associated with cell death (Figure 6). Accordingly,
severe deﬁciencies in HDR genes (e.g. Brca1 and Brca2)
might lead to efﬁcient cell death, whereas milder alleles
could cause CIN and cell survival, thus contributing to
tumorigenesis (59,60). Notably, since HDR deﬁciency
may be prevalent for some tumor types (61), we suggest
that examining the severity of HDR disruption of individ-
ual tumors, including the relative consequences on
Figure 6. Model for consequences of mild versus severe HDR disrup-
tion on anaphase and cell viability. Both severe and mild HDR
deﬁciencies lead to incomplete chromosome separation, as measured
by PICH–UFBs (red) and DAPI bridges (blue). Cells with a mild
HDR deﬁciency retain bipolar chromosome separation and viability,
but are incapable of limiting anaphase abnormalities and hence are
prone to CIN. In contrast, severe HDR deﬁciency additionally causes
multipolar anaphases resulting mostly from binucleated cells and
eventual cell death.
5942 Nucleic Acids Research, 2011,Vol.39, No. 14anaphase chromosome separation, will provide insight
into the etiology and treatment of such cancers.
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